Background: Genome-wide association studies (GWASs) have identified several single-nucleotide polymorphisms (SNPs) influencing the risk of thyroid cancer (TC). Most cancer predisposition genes identified through GWASs function in a co-dominant manner, and studies have not found evidence for recessively functioning disease loci in TC. Our study examines whether homozygosity is associated with an increased risk of TC and searches for novel recessively acting disease loci.
Background
Thyroid cancer (TC) is the most common malignancy of the endocrine system with incidence rates being 2 to 3 times higher in women compared with men [1, 2] . In economically developed countries, 0.5 to 10 TC cases are diagnosed per 100 000 individuals each year [1] . Significant regional differences are seen in Europe with Italy being among the countries with the highest incidence rates in the world (Cancer Incidence in Five Continents, IX, 2000, http://www.iarc.fr/en/publications/ pdfs-online/epi/sp160/). While exposure to ionizing radiation or insufficient iodine intake is an established risk factor, anthropometric risk factors such as high body surface area, great height, or excess weight have been associated with increased TC risk [3] . However, TC is also characterized by having one of the highest familial risks of any cancer supporting heritable predisposition [4] [5] [6] . A high risk of TC is associated with some genetic disorders, but most of the familial risk of TC remains unexplained [7] . During the last years genome-wide association studies (GWASs) have provided robust evidence for common susceptibility to TC. At least four GWASs have identified a set of genes with susceptibility for TC [8] [9] [10] [11] . These studies suggest that much of the familial risk of TC may be due to the coinheritance of multiple low/moderate-penetrant alleles, some of which may be common. The majority of cancer predisposition genes identified through the GWASs function in a co-dominant manner, and no evidence has been found for recessively functioning disease loci in TC, although the risk for TC among siblings is much higher than the parent-offspring risk, suggesting recessive inheritance [6] . Recessive inheritance has been associated with consanguinity or an increased risk in populations characterized by a higher degree of inbreeding and corresponding homozygosity [12] . A consecutive pattern, called runs of homozygosity (ROH), appears mainly in an increased frequency due to a high level of relatedness between individuals within a population or due to selection [13] . These ROHs are shown to predispose to many genetic diseases including cancers [14] [15] [16] . The siblings-risk and the fact and that TC is part of recessively inherited syndromes such as the Werner syndrome make TC an ideal target to search for recessively acting disease loci [6, 7] .
In a first step we estimated the proportion of the total phenotypic variance explained by all common SNPs for TC risk. This was followed by a whole-genome homozygosity analysis based on our previous GWAS in the high-incidence Italian population. The aim of our study was to examine whether inbreeding or homozygosity is associated with an increased risk of TC and to search for novel recessively acting disease loci.
Methods

Ethics statement
Study participants were recruited according to the protocols approved by the institutional review boards in accordance with the Declaration of Helsinki. All subjects provided written informed consent. This study was approved by the ethics committees of the University Hospitals of Cisanello and Santa Chiara in Pisa, Italy and of the Meyer Hospital in Florence, Italy.
Genomic data -quality control of SNP genotyping
The study is based on the genotyping data of our previously performed GWAS on the Italian cases and controls, and did not include any new participants [11, 17] . All patients were ascertained with papillary thyroid cancer (PTC) through the University Hospital Cisanello in Pisa. After a stringent quality control procedure the final set consisted of 649 cases and 431 controls with genotype data on 536 270 SNPs [18, 19] . Data have been submitted to a central database: www.gwascentral.org.
Proportion of the total phenotypic variance explained by all common SNPs
The approach of Yang et al. was used to estimate the proportion of the total phenotypic variance explained by all common SNPs [20] . First, we estimated the genetic relationship matrix (GRM) for each individual autosome of all the individuals and fitted the GRMs in a mixed linear model (MLM) to estimate the proportion of the phenotypic variance explained by all common SNPs. We repeated this scenario after excluding 15 identified GWAS regions for TC including the genomic region 500 kb upstream and downstream [11, 17] . This left us with a total of 520 137 autosomal SNPs.
For both scenarios sex and eigenvectors from 10 principal components of the population structure were used as covariates. Consecutive estimates on the observed 0-1 scale are linearly transformed to that on the unobserved continuous liability scale such that h l 2 = h 0 2 K(1 − K)/z 2 [21] , where K is the prevalence of the disease and z is the value of the standard normal probability density function at the threshold t. Given an incidence of 8 -9/100 000/year will result in a cumulative risk of~6 in 1000 as an estimate of the prevalence. Estimation was performed using restricted maximum likelihood (REML) via the genome-wide complex trait analysis (GCTA) software [22] .
Genome-wide assessment of associations between homozygosity at individual SNPs and TC
A chi 2 -test was performed to test for any association between homozygosity and susceptibility of TC on a SNP-by-SNP basis in our entire sample series [14] . To control the problem of multiple testing the false discovery rate (FDR) was calculated and controlled at an arbitrary level q* < 0.05 [23] .
Statistical and bioinformatics analysis
We defined ROHs following recommendations in Howrigan et al. [24] ROHs were detected using PLINK (v1.07) software. To prevent overestimating the number and size of ROHs no heterozygous SNPs were permitted in any window. We kept the remaining options to default values. The parameter for the "homozyg-kb" option was also kept at the default value of 1000 kb to select individual segments of minimal length. We only varied the parameter "homozyg-snp" option according to the definition of ROHs as below. Subsequent statistical analyses were performed using packages available in the R statistics package [25] . Comparison of the distribution of categorical variables was performed using the chi 2 -test. To compare the difference in the average number of ROHs between cases and controls, we used the Student's t-test. Naive adjustment for multiple testing was based on the Bonferroni correction.
Identification of homozygosity
We used the method of Lencz et al. to estimate the minimum number of consecutive homozygous SNPs required to form a ROH that was more than an order of magnitude larger than the mean haploblock size in the human genome without being too large to be very rare [26] . In our TC data, with 1080 individuals and 536 270 SNPs, the mean heterozygosity in controls was calculated to be 35 %. Thus, a minimum length of 53 would be required to produce <5 % randomly generated ROHs across all subjects: ((1-0.35) 53 × 536 270 × 1080 ≤ 0.05). Due to linkage disequilibrium (LD) between the SNPs, the SNP genotypes are not always independent. Pairwise LD was estimated using the SNP pruning function of PLINK, with a default value of r 2 > 0.8 and restricting the search of tagging SNPs within each 250 kb window. Approximately 377 000 separable tag groups were discovered, representing an >25 % reduction of information compared with the original number of SNPs. Thus, ROH length of 75 was used to approximate the degrees of freedom of 53 independent SNP calls. The R statistics package was used to identify a list of 'common' ROHs with 75 consecutive homozygous SNP calls across a certain number of samples and with each ROH having identical start and end locations across the individuals. The "homozyg-group" option of the PLINK package was used to produce a file of the overlapping ROHs separated into pools containing the number of cases and controls carrying the ROH. We considered pools with more than five samples and at least 500 kb of length as recurrent ROHs. A consensus SNP set representing the minimal overlapping region across all samples in the pool was used to define the recurrent ROHs. The association of the recurrent ROHs was then tested for differences of the average proportion of ROHs among cases and controls. Within each overlapping ROH the proportion of homozygous genotypes at each SNP was calculated for cases and controls separately, and the significance of the difference was tested by a onetailed t-test.
Testing the effects of natural selection
We used three metrics, the integrated haplotype score (iHS), the fixation index (F st ) and Fay and Wu's H to investigate the selective pressure due to demographic events (e.g. bottleneck events, founder effects or population isolation) on each recurrent ROH [27, 28] . All metrics were obtained from Haplotter Software (University of Chicago, Chicago, IL, USA; http://haplotter.uchicago.edu/) [28, 29] .
Testing the effects of inbreeding
To test whether inbreeding influenced the susceptibility to TC, three different inbreeding coefficients (F I, F II and F III) were derived for each individual based on their SNP data using GCTA [22] . The coefficients were tested for differences between cases and controls using a Student's t-test. We also used a generalized linear regression model (GLM) and regressed F I, F II or F III as explanatory variables on the disease status of the TC patient as the binary response (0/1). We included several covariates in the model: the sex of the individuals, the first 10 ancestry-informative principal components and the percentage of SNPs missing for an individual.
A genomic measure of individual homozygosity (F ROH ) was calculated by a method proposed by McQuillan et al. [30] in which L ROH is the sum of ROHs per individual above a certain criterion length (i.e. 1000 kb as defined beforehand) and L AUTO is the total SNP-mappable autosomal genome length, excluding the centromeres:
The estimate of the total genome captured was 2 677 608 286 bp. F ROH estimates inbreeding differently compared to the coefficients based on SNP-by-SNP indices F I, F II and F III as it considers only homozygous regions above a predefined length criterion (i.e. 1000 kb). Due to the F ROH distribution in our sample we divided ROHs into two classes, below and above 1500 kb, and F ROH was calculated overall, and for the two subclasses using the R statistics package [25] . The overall F ROH was also tested for differences between cases and controls using a Student's t-test.
Results
After stringent quality control and exclusion of extreme population outliers the overall genetic matching was satisfying with a genomic control inflation factor at λ gc = 1.00 within the prior GWAS, indicating that no population stratification was present [11] .
Proportion of total phenotypic variance explained by SNPs
The proportion of the total phenotypic variance explained by SNPs from the joint analysis transformed to the liability scale after Dempster and Lerner showed a value of 0.51 (SE 0.16 at P ≤ 1.97 × 10 −7 ) [21] . After the exclusion of the regions covered by the previously identified TC risk SNPs the proportion of the total phenotypic variance explained by the so far unidentified SNPs was 0.33 (SE 0.15 at P ≤ 0.003). While most of variance explained by common SNPs for individual autosomes stayed constant, a major drop was detected for chromosome 2 encompassing DIRC3 (from 0.11 to 0.03) and for chromosome 9 encompassing FOXE1 (from 0.17 to 0.08).
Genome-wide assessment of associations between homozygosity at individual SNPs and susceptibility to TC
Results of the association between homozygosity and the susceptibility to TC on a SNP-by-SNP basis are shown in Table 1 . The FDR was calculated and controlled at an arbitrary level q* < 0.05, for which 34 SNP were significant [23] . Corresponding odds ratios (ORs) of the onesided Fisher's exact test to prove the hypothesis that increased homozygosity is associated with higher risk of TC showed a minimum of OR = 1.85 with a 95 % confidence interval of 1.23-3.41 for all SNPs in Table 1 . 
Identification of ROHs and association between ROHs and TC susceptibility
We identified a total of 12 306 individual ROHs greater than 1000 kb across all 1080 individuals with 7523 ROHs in cases and 4783 ROHs in controls. On average 11.39 ROH segments with a total overall length of 22 980 kb per individual were detected. The average number of ROH segments per person in cases was 11.59 and in controls 11.09 (P diff = 4.00 × 10 −2 ), the total length of ROHs per person was 4761 kb higher in cases than in controls (P diff = 1.95 × 10 −5 ), and the average ROH length per person in kb was significantly higher in cases (1988 kb) than in controls (1788 kb) (P diff = 3.29 × 10 −8 ).
We extended the tests for association between ROHs and susceptibility to TC by categorizing the number of ROHs and the total length of ROHs in Mb by forming control groups of similar size. They were compared with the numbers of cases within the corresponding classes ( Table 2 ). Cases had more ROHs and the total length of ROHs was also longer than in controls. (e.g. for entire data set >15 ROHs, OR = 1.55, P = 0.02; for >25.4 Mb, OR = 1.45, P = 0.03).
For further association analysis 2262 consensus groups were formed, of which a total of 225 ROHs were identified, that fulfilled the criteria of identical start and end location and at least 75 consecutive homozygous SNPs [26] . An example for an overlapping region is given in the Additional file 1: Figure S1 . None of the ROHs were associated with susceptibility to TC after correction for multiple testing. However, 16 ROHs were associated at a suggestive level (P < =0.05) ( Table 3) . None of them encompassed the centromeric regions.
Intriguingly, several recurrent ROHs harbor genes that have been associated with risk or progression of TC (Table 3 ). The first consensus region, located on chromosome 2, shows the strongest association with TC susceptibility (uncorrected P value = 0.002, ROH1 in Table 3 ). Six cases and 15 controls carried a ROH spanning this region of 79 homozygous SNPs. Another consensus region on chromosome 3 (ROH2) spans 672 kb and contains 98 SNPs. Genes and predicted transcripts include GSK3B, FSTL1, LRRC58, GPR156. A consensus region on chromosome 10 spanning 81 SNPs on a length of 959 kb (ROH3, P = 0.01) also hosts a considerable number of genes.
To scrutinize the significant ROH consensus regions, the average homozygosity for all SNP loci within a corresponding ROH was computed for cases and controls separately and tested for a difference with a one-tailed Student's t-test (Table 3 , column 9). Ten ROHs showed significant differences at P < 0.05 level, of which 6 had more cases than controls.
Natural selection as a cause of ROHs
To assess the influence of selection on the recurrent ROH regions, we used the measures iHS, F st and Fay and Wu's H [28, 29, 31, 32] . Every recurrent ROH showed significant values for the three estimates (iHS >2.0, Fst >0.2 and Fay and Wu's H < <−10; Table 3 ), except for ROH3, for which the iHS value was 1.85. This indicates that each of the 16 ROH regions might be the result of a selective sweep.
Inbreeding and association between homozygosity and TC
We formally calculated the inbreeding coefficients (so called F I, F II and F III) after Yang et al. for all samples [22] . The means (SDs) for F I in cases and controls were 0.003 (0.01) and -0.0005 (0.006), respectively, and significantly different from each other (P = 2.94 × 10 −13 , by Student's t-test). Thus, there was significant evidence that cases were more inbred than controls. This was supported by the inbreeding coefficient F III, which also differed significantly between cases and controls at P = 3.77 × 10 −6 with cases being more inbred. The inbreeding coefficient F II was in cases 0.002 (0.01) and in controls 0.001 (0.007), but differences were not significant. Table 4 lists the P values for the test of true differences of F I, F II and F III between cases and controls separately for each chromosome. Chromosomes 2, 4, 5 and 8 were significantly different. For all chromosomes cases showed higher values for F I, F II and F III than controls. When using a GLM with several covariates and regressing the explanatory variables F I, F II or F III on the disease status of the TC patient as the binary response (0/1), F I and F III remained significant at P = 0.003 with a positive effect estimate of 32.19 and 64.38, respectively. This results in an increasing slope of the regression line towards the diseased individuals. F II was also significant at P = 0.01.
A more detailed overview on the characteristics of the inbreeding coefficient for cases and controls is demonstrated in Fig. 1 , which shows the variation of the inbreeding coefficient between chromosomes. The mean is rather constant across the chromosomes but the variation is increasing from chromosome 1 to 22 while the length of the chromosomes in base pairs is decreasing (r = −0.80, P = 6.51 × 10 −6 ).
Three additional associations for different consanguinity measures were tested (Fig. 2) . The total length of individual ROHs was highly correlated with the total number of ROHs per individual (r = 0.77, 
Discussion
Based on our previous GWAS we showed here that the proportion of the total phenotypic variance in TC risk explained by all common SNPs is about 0.51. After correcting for identified TC risk loci about two-thirds of the genetic variance remain to be identified [11, 17] . This fact clearly shows the high influence of both the genetic factors and the environment on the susceptibility of TC. In the present study, we sought to find other genetic explanations than genes identified through previous GWASs that function in a co-dominant manner. The focus was shifted towards recessive inheritance. The current work is to our knowledge the first analysis of the influence of genomic homozygosity and genomic inbreeding on the susceptibility to TC.
Already the genome-wide SNP-by-SNP analysis showed significantly higher proportion of homozygous genotypes among the cases than controls. Further downstream analyses revealed significant differences between cases and controls in terms of the number and length of ROHs per person.
It is known that homozygosity can be caused by demographic events, consanguinity/inbreeding or selective pressure [33, 34] . Most of the ROHs in our study were rather short though. This excludes recent consanguinity as the cause of inbreeding. However, the significant genomic inbreeding coefficients point to a certain level of relatedness that might remain from distant consanguinity. All the ROHs of interest showed significant evidence for natural selection (iHS, F st , Fay and Wu's H) [28] . The influence of selective pressure on the ROH length can therefore not be excluded.
The analysis of specific overlapping ROHs did not result in a genome-wide significance, however, several ROHs were matching with regions that contain genes related to TC susceptibility. The majority of overlapping ROHs was absent in controls. Homozygosity in these ROHs might have been disappeared over time due to recombination. Only for ROH1, ROH3, ROH4 and ROH5 we detected more controls than cases to be homozygous for an overlapping ROH region. One of these, ROH5 overlaps with long contiguous stretches of homozygosity from other studies [35, 36] . However, in 10 out of 16 consensus regions significantly higher amount of homozygous SNPs were observed among cases than among controls. Thus, the inheritance of recessive genes harbored in these regions might be possible.
Our study shows some evidence of an association between extended stretches of homozygosity and an increased TC risk. This result is not unexpected as several studies before have detected association between ROHs and cancer susceptibility [16] .
The novel result of our study is the significant effect of genomic inbreeding among cases and its relevant effect on the development of the disease. The inbreeding coefficients F I, F II, and F III were significantly higher in cases than in controls, even after correcting for numerous covariates using GLM. Inbreeding is supposed to reduce fitness by causing an overabundance of homozygous loci and increasing the probability of deleterious rare alleles that lead to inbreeding depression [37] . As inbreeding is related to homozygosity, the chances of offspring being affected by recessive or deleterious traits are therefore increased [38] . In fact, the assumption that a higher level of inbreeding or increased homozygosity correlates with cancer incidence has been proven already before on the genomic level [16] .
Even the results of the F ROH support the higher inbreeding among cases compared with controls, although F ROH is discarding SNPs in regions outside of ROHs that are below our stringent length criterion. The fact, that we found no significant differences among cases and controls in the mean sum of shorter ROHs but highly significant differences for the longer ROHs supports the view that the differences in ROH length longer than 20 Mb reflect effects of more recent consanguinity rather than LD pattern of ancient origin. It has been shown that consanguinity increased in Italy early in the 20th century and subsequently decreased. This has been explained by population growth in the early 20th century and changing demographics since then [39] . Another reason is the very large number of distantly related (See figure on previous page.) Fig. 2 Pearson's correlation coefficients for different consanguinity measures. The total length of individual ROHs is highly correlated with the total number of ROHs per individual (r = 0.77, P < 2.20*10 -16 ) (a). A high association is determined for the total length of ROHs in Mb and the individual inbreeding coefficient F III (r = 0.83, P < 2.20*10 -16 ) (b), while the lowest association was determined for the total number of ROHs per individual and the individual inbreeding coefficient F III (r = 0.55, P < 2.20*10 -16 ) (c) spouses in determining the population level of inbreeding [39] . With this source of a consanguineous population we had the unique opportunity to detect recessively inherited genomic regions for TC.
